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We report here the results of two-dimensional electron gas based micro-Hall magnetometry measurements and micro-
magnetic simulations of dipolar coupled nanomagnets of Ni80Fe20 arranged in a double ring-like geometry. We observe
that although magnetic force microscopy images exhibit single domain like magnetic states for the nanostructures, their
reversal processes may undergo complex behavior. The details of such reversal behavior is observed as specific features
in micro-Hall magnetometry data which compares well with the micromagnetic simulation data.
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In the field of nanoscale magnetism, patterned magnetic
nanostructures makes it possible to study the geometry de-
pendent novel magnetic behavior that may be useful for mod-
ern spintronic devices1. Therefore, controlled fabrication of
nanostructures by lithography techniques resulted in a flurry
of research activities in the last decade2. Recently, there has
been a strong focus on dipolar interaction mediated magnetic
behavior of nanostructures from both fundamental as well
as potential application point of views3–10. Nanomagnets of
strong shape anisotropy can mimic single macrospin which
can act as binary switches due to their two stable states11–13.
Although such nanomagnets contain large no. of spins in-
teracting via strong exchange interaction, their net macrospin
like behavior can be used as a building block of potential
single spin-like logic circuitry operating at room tempera-
ture. Energetically, using such nanomagnets interacting pre-
dominantly via dipolar interactions is advantageous compared
to solid state based logic circuits14. While several devel-
opments towards designing such practical devices have been
attempted where the role of individual nanomagnetic states
are exploited, recent developments in creating more complex
structures makes it interesting to utilize the collective behavior
of the nanomagnets for such practical applications. Such cou-
pled nanomagnetic system based computational logic devices
have advantage of non volatility in addition to their low-power
requirement and have attracted attention of researchers to de-
sign novel nanomagnetic structures for this purpose15,16. It is
clear that in order to realize potential application of such struc-
tures, engineering and control of the magnetic states of such
structures are essential. This requires an indepth understand-
ing of the switching behavior of the nanomagnets in a dipolar
coupled environment. Moreover, recent developments in the
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FIG. 1. (a) SEM image of nanomagnets grown on GaAs/AlGaAs
Hall sensor. (b) Schematic diagram of the measurement set-up.
use of such shape anisotropic nanomagnets mimicking Ising
spin-like behavior in understanding fundamentals of magnetic
frustrations such as in artificial spin ice systems has opened
new avenues to create arrays in different geometries and ex-
plore the underlying physics17–20. While switching behav-
ior of nanomagnets of simple geometries has been adequately
reported in literature, however, little is known about the ex-
act switching behavior of such nanomagnets when placed in
complex arrangements within dipolar coupled environment21.
This is clearly needed in order to construct new geometries for
fundamental studies17,18,22,23 as well as applications10,24. Ad-
ditionally, strong shape anisotropic nanomagnets, which are
most often considered as exhibiting Ising spin-like behavior,
may be effected by the unintentional defects introduced dur-
ing fabrication. Thus, it is essential to investigate how such
defects modify the local magnetic behavior which in turn may
play a significant role in the overall switching behavior of
the corresponding nanostructures. In this work, we investi-
gated the collective switching behavior of nine dipolar cou-
pled nanomagnets of strong shape anisotropy arranged in two
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2ring-like geometry. Such rings are building blocks of different
engineered systems and therefore, understanding their switch-
ing behavior in this geometry may be helpful to elucidate their
behavior in more complex structures. In our earlier work of
micromagnetic simulations, we observed simultaneous mag-
netization reversals of nanomagnets which are in the next
nearest neighbor positions suggesting an indirect coupling of
the nanomagnets in the given system25. In order to understand
the role of the next nearest neighbor nanomagnetic elements
on the ring structure, two nanomagnets of same dimensions
as the others were patterned at next nearest neighbor positions
without changing the symmetry as shown in Fig. 1(a). Al-
though our magnetic force microscopy (MFM) measurements
show that all these nanomagnets are in single domain state,
however, detailed magnetization reversals studied by employ-
ing highly sensitive two-dimensional electron gas (2-DEG)
based micro-Hall magnetometry technique reveal several in-
teresting features. Micromagnetic simulations show that these
features are due to changes in the magnetic state of individual
nanomagnets in the dipolar coupled environment.
For our studies, an array of Hall devices was fabricated
from a molecular beam epitaxy (MBE)-grown modulation-
doped GaAs/AlGaAs heterostructure26. The 2-DEG of the
heterostructure lies approximately 230 nm below the surface.
Hall bars of 2×2µm2 are patterned using electron-beam
lithography (EBL) followed by wet-chemical etching. Ohmic
contacts with the 2-DEG were ensured by following a met-
allization steps involving Ni, Au and Ge layers27. The de-
tailed fabrication steps are discussed in our earlier work28.
Shape anisotropic nanomagnets of Ni80Fe20 of dimensions
300×100×25 nm3 are defined on the active area of Hall bars
using a second EBL step in combination with lift-off pro-
cess (see Fig. 1). The center-to-center distance between each
nanoisland is 450 nm. A Ti layer of thickness 5 nm was used
to increase the adhesion of permalloy on the GaAs surface.
A capping layer of Al of thickness 5 nm was deposited on
Ni80Fe20 to prevent oxidation of the magnetic layer. Entire
deposition was carried out using electron beam induced depo-
sition without breaking the vacuum. For measurements, the
Hall sensors were wire bonded to a leadless chip carrier. The
measurements were carried out in an oxford instruments’ He-
liox cryostat. The sheet carrier density(n) and mobility(µ) of
the 2-DEG were determined to be 3.59×1011/cm2 and 3.7×
105 cm2/Vs, respectively at T = 300 mK. The magnetic mea-
surements were carried out at T = 1.6 K with external mag-
netic field applied in plane as shown in Fig. 1(b). In this mea-
surements geometry, the measured Hall voltage (VH) is pro-
portional to the average z-component of the magnetic stray
field (< Bz >) emanating from the magnetic nanostructures.
This was confirmed from the Hall voltage measurements on
an empty Hall cross (not shown). The measurements were
carried out using the standard Lock-In technique.
Fig. 2(a) shows the topography of the nanostructures as ob-
tained using atomic force microscope (AFM). Irregularities in
the shapes of the nanoislands are observed which arises from
the weak adhesion of Ni80Fe20 on GaAs surface as well as the
lift-off process. However, the corresponding magnetic force
microscopy (MFM) data at the remanent state exhibit clear
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FIG. 2. (a) AFM image of the magnetic nanoislands at room temper-
ature. (b) Corresponding MFM image showing magnetic contrasts
of single domain islands of Ni80Fe20. Dotted loops with arrows are
guide to the eyes for the magnetization directions of the nanoislands.
Magnetization of the rings forming onion type lops are shown by
four other arrows.(c) Micro-Hall magnetometry data showing hys-
teresis in Hall voltage of 2-DEG versus external magnetic field. The
features in the hystersis loops are identified by numbers and arrows.
Upsweep and downsweep features at corresponding fields are identi-
fied by the same numbers. Inset shows the schematics of the nanos-
tructure and applied field direction.
bright and dark patches in each nanomagnet showing that all
the nanomagnets are magnetically in single domain state (see
Fig.2(b)). As mentioned above, such single domain state can
be considered as classical analogue of Ising like macrospin
and have been exploited in ASI or logic devices. Moreover,
the data show that the three horizontal as well as six vertically
placed nanomagnets are ferromagnetically aligned. Such fer-
romagnetically aligned nanomagnets in two different sublat-
tices form onion type loops in the two ring-like arrangements
which is evident from Fig.2(b) 29. The MFM data further in-
dicate that the two nanomagnets at next nearest neighbor po-
sitions do not interact significantly with the elements involved
in the ring structure. This is evidenced by the observation of
ferromagnetic alignment of the corresponding vertical nano-
magnets.
Next, in order to investigate the detailed switching behav-
ior of the dipolarly coupled nanomagnets, measurements of
<Bz> of the nanomagnetic system were carried out using high-
3FIG. 3. Magnetization My as obtained from simulation as well as
Hall voltageVH due to average z-component of stray field <Bz> mea-
sured in the Hall voltage of 2-DEG. Inset shows the complete hys-
teresis loop obtained from simulation.
sensitive micro-Hall magnetometry method. The measure-
ments were carried out at T = 1.6 K where the electronic
transport in the 2-DEG occurs in the ballistic regime. Due
to the strong shape anisotropy (Ks ∼ 6.5×104Jm−3) of these
nanomagnets, the nanomagnets are athermal. Saturation field
(Bext) for these nanomagnets is ∼ 200 mT. The measurements
were carried out for in-plane external field of ±300 mT ap-
plied along [10] direction which is the easy axis for the hori-
zontally placed nanomagnetic islands (hard axis for the verti-
cal islands, see inset of Fig. 2(c)). As the field is swept within
± 300 mT, a hysteresis is observed in the Hall voltage of the
2-DEG with several reproducible features for both down and
up sweep of the field, as shown in Fig. 2(c). These changes
in the Hall voltage reflects the changes in the magnetic state
of the dipolarly coupled nanomagnets. The data exhibit dis-
tinct steps as well as broad peaks at specific field values while
sweeping the field along both the directions. Specifically,
we observe the major features as a sharp drop of signal at
∼ ±82 mT(1), three peaks at ∼ ±15 mT(2), ∼ ∓50 mT(3),
and ∼ ∓110 mT(4), respectively and two sharp jumps at ∼
∓125 mT(5) and ∼ ∓150 mT(6), respectively. Here, the first
sign is for downsweep and the second for upsweep field, re-
spectively. The numbers in brackets are to identify the fea-
tures as indicated also by arrows in Fig. 2(c). Interestingly,
two features as described above are observed in the first quad-
rant of VH -B loop.
While the sharp jumps may indicate magnetization switch-
ings of individual nanoislands, the origin of the other repro-
ducible features such as peaks appearing in both field sweep
directions are not immediately clear21. These results may in-
dicate specific changes occurring within the coupled nanos-
tructures induced by external field which is not directly acces-
sible by MFM measurements. We note here that the high sen-
sitivity of the 2-DEG based Hall sensors have been used to de-
tect nucleation and annihilation of magnetic vortices in indi-
vidual nanostructures, interaction of domain walls with Peirls
potential,etc.30–33. In order to understand the observed fea-
tures which are likely to be the results of complex switching
processes involving the multiple nanostructures, we carried
out micromagnetic simulations of the entire system in pres-
ence of in-plane field applied along [10] direction. Our ground
state simulations were performed using finite difference based
Object Oriented Micro Magnetic Framework (OOMMF)34.
Typical experimentally reported values of saturation magne-
tization Ms = 8.6 ×105 A/m, the exchange stiffness constant
A=13 pJ/m and damping constant of 0.5 for Ni80Fe20 are used
for the calculations35. The magnetocrystalline anisotropy is
neglected in the computation. For the simulations, we used
the exact experimental structure of the nanomagnets as ob-
tained by AFM.
For the nanomagnetic system under consideration, any de-
viation from single domain Ising-like state is reflected in the
magnetization My along the [01] direction.
The inset of Fig. 3 shows the simulated results of hysteresis
in My for the nanostructures. For comparison, simulation data
as well as the experimental data for only downsweep field are
plotted in the main figure. As can be seen from the plot, the
simulation results captures several experimentally measured
features remarkably well. Particularly, we observe clear fea-
tures due to the magnetic activity before remanence, the peak
at about ∓51 mT and several other sharp jumps in the field
range where features in the experimental data are observed.
The results allow us to investigate in details the exact micro-
magnetic state of individual nanomagnets and the changes of
these states in the dipolarly coupled environment which is in-
duced by the external field.
At the first quadrant of the My vs B loop (i.e., before re-
manence), simulation results exhibit features at 30 mT, 27 mT
and 18 mT, respectively. As the field is downsweeped from the
saturation, we observe that the detailed micromagnetic behav-
ior of some of the nanostructures changes differently which is
most likely due to the irregularities in the structures and the
different local dipolar fields which the nanostructures experi-
ence. These micromagnetic analysis are shown in Fig. 4. For
B < Bsat, the magnetization of the nanomagnets 4, 5 and 9
(as identified in Fig. 2) starts to rotate towards their easy axes
whereas 6 and 8 start to form vortices (see the discussions
below). The magnet 7 behaves differently which, at about
27 mT, suddenly switches stabilizing a horse-shoe type loop
at the lower ring whereas the upper ring shows an onion-type
loop as shown in Fig. 4(c). At about 18 mT, both nanomagnets
6 and 8 forms vortices where features are observed both in My
as well as experimentally measured VH (see Fig. 4(d)). Be-
tween∼ 18 mT and -50 mT, the vortex cores for magnets 6 and
8 appears to shift from lower end to the upper end. At about
-51 mT, the island 1 switches thus forming a microvortex state
at the upper ring. Therefore, the upper ring has a microvortex
and lower ring has a horse-shoe state as seen in Fig. 4(f). At
this field, a peak is observed in the experiments and a corre-
sponding reverse step is observed for My. At -93 mT, mag-
netization of the island 3 switches thus converting the lower
ring to two head-to-head and two tail-to-tail type loop (see
Fig. 4(g)). At ∼-96 mT, island 2 switches thereby forming a
horse-shoe type state for both the rings as shown in Fig. 4(h).
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FIG. 4. Micromagnetic states of the interacting nanostructures at
different magnetic field values corresponing to the features observed
in the hysteresis loop shown in Fig.3. The nos. in (a) are to identify
the nanostructures. The arrows refer to the magnetization switchings
of the nanomagnets at the corresponding external fields.
These changes in M appear to result in to a peak in the aver-
age <Bz> which is observed between -97 mT and -110 mT in
the measured Hall voltage. With the switching of nanomagnet
2, the magnetizations of all the horizontal islands align along
the applied field direction. As the field reaches ∼-129 mT, the
island 4 undergoes a sudden change in magnetization orienta-
tion showing a switching like behavior, thus horse-shoe state
in upper ring changes to onion state (see Fig. 4(i)). In general,
such sudden change in magnetization for this nanomagnet is
unexpected as the applied field direction is along the hard axis.
A corresponding sharp step in VH vs B data is observed at this
field. At ∼ -132 mT, the magnetization of island 8 suddenly
changes, exhibiting a switching-like behavior. Next, the is-
land 5 switches at -138 mT. This reversal converts horse-shoe
state to onion state in the lower ring, which forms onion states
in both the rings. Finally, at -207 mT, the magnetization of
the vertical nanoisland 9 switches and thereby saturating the
magnetization. It is interesting to note that with the applied
external field direction in this case, which is along the hard
direction for the vertically placed nanomagnets, gradual rota-
tion of magnetization and not sudden switching in individual
nanomagnets are expected for magnets 4,5 and 8 and 9. How-
ever, clearly, these nanomagnets show sudden switching-like
behavior demonstrating that the dipolar interaction may lead
to nontrivial micromagnetic states in nanomagnetic systems
which are otherwise in a single domain state as also observed
from MFM data as shown in Fig.2(b). To determine if there
is any role of dipolar interaction in stabilizing magnetic vo-
tex states in the nanomagnets 6 and 8, micromagnetic states
of these nanostructures in isolated state are investigated. It is
observed that for applied field along the hard direction, the
nanomagnets indeed exhibit magnetic vortex states without
any dipolar interaction (not shown). However, the nanomag-
net 4 shows single domain state at remanence. This is ob-
served in the dipolar coupled environment as well. This shows
that the vortices as observed in the two nanomagnets may be
due to the specific geometry of the nanomagnets. The exper-
imental and simulation results clearly show that although the
nanomagnets show single domain like behavior, the real struc-
tures may undergo complex switching processes which do not
confirm to Stoner- Wohlfahrth like behavior as is known for
ideal single domain magnetic states.
In conclusion, we have investigated the magnetization re-
versal behavior in dipolarly coupled nanomagnets forming
two coupled ring-like structures. The remanent state as ob-
served using MFM show that all the nanomagnets are in single
domain state. However, detailed (continuous) field dependent
high-sensitive measurements of average stray fields emanat-
ing from the nanomagnets show features which can be identi-
fied as due to specific micromagnetic states in the nanomag-
nets. This is explained with the micromagnetic simulation re-
sults which match reasonably well with the experimental data.
The results suggest that local irregularities affect the exact
micromagnetic state thereby converting two islands of single
domain dimensions to a magnetically vortex state. Our re-
sults also demonstrate the remarkable ability of 2-DEG based
micro-Hall magnetometry method used in ballistic transport
regime in detecting changes in stray fields due to local micro-
5magnetic changes.
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